Intermolecular potential models for water and alkanes describe pure component properties fairly well, but fail to reproduce properties of water-alkane mixtures. Understanding interactions between water and non-polar molecules like alkanes is important not only for the hydrocarbon industry but has implications to biological processes as well. Although non-polar solutes in water have been widely studied, much less work has focused on water in non-polar solvents. In this study we calculate the solubility of water in different alkanes (methane to dodecane) at ambient conditions where the water content in alkanes is very low so that the non-polar water-alkane interactions determine solubility. Only the alkane-rich phase is simulated since the fugacity of water in the water rich phase is calculated from an accurate equation of state. Using the SPC/E model for water and TraPPE model for alkanes along with Lorentz-Berthelot mixing rules for the cross parameters produces a water solubility that is an order of magnitude lower than the experimental value. It is found that an effective water Lennard-Jones energy ε W /k = 220 K is required to match the experimental water solubility in TraPPE alkanes. This number is much higher than used in most simulation water models (SPC/E-ε W /k = 78.2 K). It is surprising that the interaction energy obtained here is also higher than the water-alkane interaction energy predicted by studies on solubility of alkanes in water. The reason for this high water-alkane interaction energy is not completely understood. Some factors that might contribute to the large interaction energy, such as polarizability of alkanes, octupole moment of methane, and clustering of water at low concentrations in alkanes, are examined. It is found that, though important, these factors do not completely explain the anomalously strong attraction between alkanes and water observed experimentally.
I. INTRODUCTION
Models of solubility of water in hydrocarbons are important in hydrocarbon production and processing to prevent condensation leading to corrosion and flow assurance issues related to gas hydrate formation. Understanding the interactions between water and non-polar molecules has implications in biological applications as well, where hydrophobic effects have been widely studied. 1, 2 While most studies look at the solubility of hydrocarbons in water, here we study the solubility of water in hydrocarbons, particularly in n-alkanes. While this system requires a relatively simple intermolecular potential model that is not computationally intensive, the results provide a rigorous test of the water-alkane interaction potential.
Although interactions between molecules involve manybody effects, molecular simulation models generally approximate the potential as effective two-body interactions. Alkanes are approximated in most models 3, 4 as chains of segments that interact via a spherically symmetric Lennard-Jones (LJ) potential,
a) Author to whom correspondence should be addressed. where σ is the LJ diameter, ε is the LJ energy, and r is the distance between the centers of two segments. Water is usually modeled as a rigid non-polarizable molecule with a spherically symmetric Lennard-Jones potential and off-center partial charges that interact via a coulombic potential. Most popular water models are similar in the form of the intermolecular potential but differ in their parameters, such as LJ energy, number of charged sites, and distance and angle between the sites. [5] [6] [7] [8] [9] These simple potential models have been fairly successful in describing the pure component properties of water and alkane but fail to reproduce the properties of a mixture of water and alkane. 10 Various quantum and classical studies have concentrated on better understanding water-alkane interactions. [11] [12] [13] [14] [15] [16] In classical models, the water-alkane cross interaction parameters (σ AW and ε AW ) are obtained from pure component parameters using the Lorentz-Berthelot rule
where σ A and σ W are the LJ diameters for alkane and water, respectively; ε A and ε W are LJ energy parameters for alkane and water, respectively; and ξ is an empirical parameter that corrects for errors in the Berthelot rule. Based on the first term in the London dispersion equation, we expect ξ < 1.0.
Most studies agree that the water-alkane interaction energy obtained as a geometric mean of water and alkane energies does not describe the properties of the mixture, but there is still disagreement on what the interaction energy should be. Paschek, 13 who studied the solubility of methane in a waterrich phase, concluded that the low solubility of simulated methane in water compared to experiments can be attributed to two factors: (1) poor prediction of density of water at given conditions by most models and (2) ignoring the polarizability of methane. Docherty et al.
14 used a TIP4P/2005 model for water, which is known to produce accurate densities of water, and found a qualitative improvement in the dependence of the solubility of methane on temperature but still could not get quantitative agreement. They had to use a correction of 1.07 to the Berthelot rule (ε MW = 1.07
to match the experimental solubility which they argued could be justified based on the polarizability of methane being ignored in the study. Dyer et al. 12 included the polarizability of methane explicitly into the model, but still could not successfully match the experimental solubility leaving the question of the ability of these potential models to reproduce properties of the mixture unanswered. Ashbaugh et al., 17, 18 recognizing this problem, reparameterized the TraPPE model for alkanes to match alkane hydration free energies in a TIP4P/2005 water model. Interestingly, in the theoretical work of Pratt and Chandler, 19 a methane-water interaction energy of ε MW /k = 168.5 K was required to match the Henry's Law constant of methane in water. This is significant because they used the experimentally obtained structure for the pure water phase and not a model predicted structure. To obtain this water-methane interaction energy with SPC/E water and TraPPE methane would require a ξ = 1.56.
While the above studies have looked at the limit where methane is present in low concentration in water, a few studies have looked at water in a hydrocarbon rich phase and the energies suggested by these studies are very different. Johansson et al. 20 looked at the solubility of water in decane (instead of methane) and found that a correction factor of 1.3 was required to the Berthelot rule (ε AW = 1.3 √ ε A ε W ; ε AW /k = 139.9 K) to match the solubility of water in decane. van Buuren et al., 10 while modeling a water-decane liquid-liquid interface, could not describe both the bulk water properties and water-decane interfacial properties with a single value of water energy. They had to use different energies for water interacting with itself and for water interacting with alkane (ε W /k = 78.2 K for water-water interaction and ε W /k = 277.8 K for water-alkane interaction) to be able to simultaneously describe the bulk and interfacial properties. These examples point towards an inconsistency in the parameters being used in the potential model for wateralkane interactions.
Since alkanes primarily interact via non-polar interactions and water has strong polar interactions, the dominant interactions in the alkane-rich region and water-rich region are different. All the previous studies have looked at systems that have significant hydrogen bonding between the water molecules. It would be inaccurate to evaluate the non-polar interactions in a system where polar interactions are dominant. In the limit of very low water content in alkanes, there are negligible water-water interactions and water interacts only with the non-polar alkanes. The important interactions here are the alkane-alkane and alkane-water non-polar interactions. In this case one can investigate how the non-polar interactions affect the properties of the system independent of the charges in the water model. The non-polar parameters are important not only for solubility of water in alkanes but also affect the interfacial properties of alkanes and water such as surface tension and the sharpness of the interface. 10 The purpose of this study is to isolate the effective water/alkane non-polar pair potential by matching the solubility of water in the alkane phase using molecular simulation for the alkane rich phase and an accurate correlation for the water rich phase. A transferable potential model is demonstrated for the water in alkane system. Section II describes the methodology used to evaluate the water-alkane interaction in an alkane-rich phase. Section III describes the results from the solubility studies and discusses contributions from polarizability, distributed charges on the alkane, and water clustering.
II. METHODOLOGY
The solubility of water in different alkanes (pentane to dodecane) was calculated from Monte Carlo simulation using the towhee simulation package 21 with alkanes modeled using the TraPPE model 3 and water with the SPC/E model. 5 Since the solubility of water in the alkane-rich phase is very low at ambient conditions, Henry's Law is a good approximation for the fugacity of water in this phase. The Henry's Law constant for water in alkane was calculated using Widom test particle insertion. 22 The mole fraction of water in the alkane-rich phase (x water ) is obtained from the fugacity of water (f water ) in the water-rich phase and Henry's Law constant (H) for water in the alkane rich phase
The solubility of alkane in water is negligible at the conditions of interest, so the fugacity of water in the water rich phase is approximated by the fugacity of pure water. Instead of using the fugacity of water from the SPC/E model, which is known to be inaccurate, the water fugacity was obtained from an accurate equation of state by Saul and Wagner. 23, 24 The Lorentz-Berthelot rule was used to obtain the cross interaction parameters. All calculations were carried out in a canonical ensemble (NVT) with 256 alkane molecules at 298 K. The density of alkanes at 298 K and 1 atm was obtained from the NIST database. 25 To ensure that there was no system size dependence, Widom test particle insertion of water in boxes of different sizes was performed using GROMACS. 26 Insertion of water in a box containing 10 000 and 50 000 methane molecules gave the same results as insertion in a box containing 256 methane molecules.
III. RESULTS AND DISCUSSION
The solubility of water in n-alkanes at 298 K and 1 atm obtained from simulation is compared with the experimental data in Figure 1 . Using the SPC/E model for water and TraPPE model for n-alkanes, the calculated solubility of water is found to be an order of magnitude lower than the experimental values. 27, 28 We show the results for only the SPC/E model of water here, but most popular models of water would give similar results because they use similar LJ parameters (ε W /k = 78.197 K and σ W = 3.16 Å). We recognize that interactions with higher multipole moments on alkanes are not being considered, but these are typically neglected in current simulation models. This assumption will be discussed in detail later.
The case of water content in n-alkanes provides the opportunity to fit the LJ interactions between water and nalkanes independently of the charged sites and the simulated water structure. We have fit the LJ parameters for water to match the experimental solubility in the alkanes. Since water interacts only with alkanes via non-polar interactions, water can be looked at as a Lennard-Jones sphere in alkanes. Widom test particle insertions of these LJ spheres in TraPPE alkanes require water LJ parameters of ε W /k = 220 K and σ W = 3.0 Å (ε W −CH 3 /k = 147 K and ε W −CH 2 /k = 100.5 K) to match the experimental water solubility. The LorentzBerthelot (LB) mixing rule is assumed while obtaining the water parameters here. Though the LB rule may not be very accurate, the water-alkane interaction energy here is too high (ξ = 1.67) to be attributed to the inadequacy of the LB rule. Values of LJ parameters close to the ones we find here were obtained in the theoretical work of Emborsky et al. 29 when they calculated the solubility of water in alkanes using the PC-SAFT model for alkanes. They found that a value of ε W /k = 207 K was required to match the solubility of water in the different alkanes.
The dependence of solubility on the LJ diameter was also considered. The size of the water molecule was varied within the range that is generally considered acceptable from our experimental knowledge of water systems (2.8-3.2 Å) and the difference in solubility was found to be within 10%. This is very different from the water-rich phase where it has been noted that the van der Waals radius affects the properties of the system significantly.
10, 30 But here we find that in the alkane-rich phase, the water solubility is more sensitive to the interaction energy than the size of the molecules. Figure 2 shows the partitioning of water between coexistent liquid and vapor phases of propane. Densities for liquid and vapor propane were obtained from NIST database 25 and separate simulations were done to calculate the chemical potential for insertion of water in the liquid and vapor phase. Using the energy and diameter of water obtained from insertions of a LJ sphere representative of water (ε W /k = 220 K and σ W = 3.0 Å) in alkanes gives good agreement with experimental values 31 , 32 over a range of temperatures even though the energy and diameter were fit to data at 298 K. There is some error in the solubility of water in the liquid phase at high temperatures but the experimental data could be matched by changing the energy for water by less than 10% (ε W /k = 200 K). Figure 3 shows the solubility of water in methane at various temperatures and pressures compared to experimental data. 23 Agreement with the data is very good over a wide range of temperature and pressure. The simulations underpredict the solubility at higher concentrations because there are appreciable water-water interactions in that region and Henry's Law would not apply. With water energy of 220 K, the water-methane interaction energy is ε MW /k = 180.5 K which means a correction to the Berthelot rule of 1.65 when using the SPC/E model for water and the TraPPE model for methane. The correction here is much higher than what was suggested previously by studies of methane solubility in water 14, 33 with one exception. The proposed value is only 7% higher than the interaction energy proposed by Pratt and Chandler. 19 Interestingly, high interaction energy between water and non-polar molecules is not restricted to alkanes alone. A large value for water-argon interaction energy was also found by Bickes et al. 34 when they fit a Lennard-Jones potential to their results from molecular beam scattering experiments for the water-argon systems. They found a water-argon interaction energy of 164 K; using the energy for argon to be 118 K 35 gives a water energy parameter of about 228 K. Harvey 36 used this water-argon energy to calculate the second virial coefficient and found reasonable agreement with experimental values. These studies, using mixtures of water with different nonpolar molecules, all point towards a different intermolecular potential between water and non-polar molecules than what is used in most simulation models today.
We will now analyze the reasons why the water-alkane interaction is more attractive than expected. One such reason is the polarizability. The ability of water molecules to polarize alkane molecules (dipole-induced dipole interaction) in a water-rich phase is different than in an alkane-rich phase due to the different dielectric medium. This will affect the water-alkane interactions differently in the two regions. Since including polarizability in the simulation is computationally intensive, polarizability is typically neglected and a nonpolarizable model is used instead. It has been claimed that the larger than expected attraction between water and alkanes is due to neglecting the dipole-induced dipole interaction. Solubility studies of non-polar solutes in water explicitly accounting for polarizability have been inconclusive. 12 It has also been suggested that the polarization correction included in the non-polarizable SPC/E model creates an "overpolarized" environment creating an artificially large dislike for non-polar environments decreasing the solubility of water in non-polar solvents. 37 To study the effect of polarizability and other contributions we will focus on the solubility of water in methane. For a water-methane pair in vacuum, the different contributions to the interaction energy can be calculated using molecular properties like polarizability, ionization potential, and dipole moment. 38 The dipole-induced dipole interaction accounts for about 13% of the total energy; it might be imagined that a cumulative effect might arise from multiple water-methane pairs available. So we explicitly included polarizability in the model to study a water-methane mixture. Two water molecules (POL3 potential 39 ) in 5000 methane molecules (polarizable TraPPE potential 12 ), i.e., x water = 4 × 10 −4 , were simulated in AMBER(v.11) 40 at a temperature of 313.9 K and pressure of 89.67 MPa. We compare the poten- tial of mean force between water and methane with and without polarizability. Figure 4 shows the water-methane potential of mean force for the non-polarizable models (SPC/E and LJ sphere with ε W /k = 220 K in TraPPE methane) and polarizable model (POL3 water in polarizable TraPPE methane). The difference in the potential of mean force between water and methane for the polarizable and non-polarizable models is statistically insignificant. The structure of methane around the water is not affected by polarizability and weakly affected by the change in the water-methane interaction energy.
Another assumption made in the study is neglecting the partial charges on methane that are responsible for octupole-octupole interaction between methane molecules and octupole-dipole interactions between water and methane. To test this assumption, we modeled methane molecules with explicit hydrogen atoms using Optimized Potential for Liquid Simulation -All Atom (OPLS-AA) parameters. Widom test particle insertion of water in a system containing 20 water molecules and 50 000 methane molecules at 313.9 K and 89.67 MPa gave the solubility of water as x water = 1.18 × 10 −4 which is higher than the SPC/E solubility 9.74 × 10
but still lower than the experimental solubility of 4.67 × 10 −4 . Finally, the assumption that water molecules do not interact with one another at such low concentrations is tested. If there were significant water-water interactions then the assumption that the insertion of water in a pure alkane system gives the chemical potential of water at the solubility limit would not be valid. The amount of water-water interaction or clustering required for SPC/E water to match the experimental chemical potential was calculated using a method proposed by Tripathi and Chapman. 41 The method gives the chemical potential of inserting a water molecule in a system at the solubility limit using the chemical potential of insertion of a water "monomer" (μ mono ) and the fraction of these water monomers (X mono ). The excess chemical potential is given by
where u is the insertion energy for the monomer. The experimental chemical potential of inserting water into methane at 313.9 K and 89.63 MPa is −1.44 kJ/mol whereas that for the insertion of SPC/E water in TraPPE alkanes is 2.78 kJ/mol. These simulations and test particle insertions were performed using GROMACS molecular dynamics package. 26 Using Eq. (4) , to obtain the experimental chemical potential, around 80% of water molecules would have to be in clusters (X mono = 0.2) which is much higher than the amount of clustering we observed in our simulations of water molecules at the experimental solubility limit (22%) and what is reported in the literature. 20, 42 The amount of clustering is the same for SPC/E water in TraPPE methane and OPLS-AA methane. This analysis leads us to believe that even though polarizability, clustering, and octupole moment of methane are important, they do not completely explain the high water-alkane interaction energy required to match the solubility of water in an alkanerich phase.
IV. CONCLUSIONS
It is clear that the interaction between water and nonpolar molecules is not being modeled correctly by conventional intermolecular potential models. Here we studied the water-alkane interaction in the limit of low water content where non-polar interactions could be evaluated independent of the polar components of the potential. A larger than expected water-alkane energy was required to match the solubility of water in alkane; much larger than obtained in the limit of low alkane solubility in water, the other end of the concentration regime. The solubility of water in alkanes was much more sensitive to the water-alkane interaction energy than the diameter of water which is not the case for solubility of alkanes in water where the diameter is very important. Certain assumptions made such as neglecting the polarizability of alkane, the octupole moment of methane, and clustering of water were tested. Though neglecting these factors contributes to the errors in solubility using conventional models, these factors do not explain the effective interaction between water and alkane necessary to match the experimental solubility data. The research community lacks a complete picture of water-alkane interactions at the molecular level. As discussed here, studies of water/alkane interactions must consider water in nonpolar solvents in addition to the commonly studied nonpolar solutes in water.
